ABSTRACT. Several formulas for preterm infants contain Abbreviations medium-chain triglycerides (MCT) to enhance fat absorption. Although fat absorption with MCT was slightly MCT, medium-chain triglyceride higher in several studies in preterm infants, a beneficial LCT, long-chain triglyceride Ra, rate of appearance effect on growth has only been reported in one publication. We hypothesized that when part of the fat blend of preterm formula is substituted by MCT oil, this might lead to a different metabolic pattern in which, due to the preferential oxidation of MCT, an increase in lipogenesis from glucose
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The fat blend of several special formulas for preterm infants could lead to an increase in metabolic rate. To study the consists of 30% to 50% MCT to enhance fat absorption. In impact of MCT on glucose metabolism, 18 preterm infants several studies in which MCT-containing fat blends were used in were randomized to receive either an M a or an L a preterm infants, increased fat absorption without improved formula containing 38-and 6%-by-weight medium-chain weight gain was reported (1-3); thus, one might expect that fatty acids, respectively, in their fat blend. ~t 4 wk of age, infants fed an MCT-containing formula either have an increased the metabolic rate, substrate utilization, glucose kinetics, energy expenditure or lay down relatively more fat Per g new and oxidation were measured by indirect respiratory calo-tissue, resulting in a higher energy cost of growth. We hypotherimetry in with a constant-rate oral infusion sized that an increased energy expenditure, which has been o f [~-~3~~g l u c o s e . ~h~ fitrue" rate ofappearance of glucose described before in animals and human adults during overfeeding ( R~ true^) was measured from the dilution of the with MCT (4-7), explains the lack of increase in growth rate at formly labeled (m + 6) species of infused tracer, whereas the higher energy absorption in preterrn infants fed MCT forrate of appearance of glucose (Ra mulas. We further speculated that an increased metabolic rate was measured from the dilution of infused tracer C (car-might result from an increased lipogenesis with ongoing fat bon). The latter was measured by an on-line combustion oxidation, as MCT feeding is known to be associated with increased lipogenesis. In a previous study (8). using the same lnethod using a gas ratio mass methods as in the present article, we showed a higher metabolic At a carbohydrate intake of 8 '4 rate in parenterally fed infants receiving only glucose as their min-', total utilization of carbohydrate was equal in both nonprotein energy source with infants receiving glugroups at 7.6 m g kg-'.min-'. glucoseoxidation, cose and lipids. Moreover, we showed strong evidence that the as measured by the appearance of 1 3 ' in breath '02 was higher metabolic rate was due to the conversion of glucose into lower in the MCT group (4.5 ' 0.83 versus fat, resulting in a lower food efficiency. To elucidate the mech-5.7 Oh7 mg. kg-' ' min-ly MCT versus LCT). anism of the apparently lower food efficiency in MCT feeding. it can be assumed that a larger proportion the glucose we compared the effects on glucose metabolism and metabolic intake in the MCT group was used in the nonoxidative rate in two groups of very low birth weight infants fed formulas pathway, e.g. synthesis of fat as compared with the LCT with different MCT content. group. There was no difference in the rate of endogenous glucose production and glucose C recycling between the two groups. In addition, the metabolic rate calculated from PATIENTS AND METHODS the rate of oxygen consumption was also similar (59 f 5
Subjects. Eighteen infants with a birth weight of less than 1600 versus 62 f 4 kcal.kg-'.d-', M a versus LCT). We g were included in the study. Infants were eligible for inclusion conclude that, in preterm infants fed a formula containing if they were free from major metabolic problems and congenital 38% MCT in their fat blend, glucose oxidation is signifi-malformations and if they were clinically stable and breathing cantly decreased whereas lipogenesis is probably increased. room air at the introduction of oral feedings. At 1 wk of age, These findings may provide a mechanism for the so-called after permission was obtained from the parents, the infants were metabolic inefficiency of MCT. To determine the natural background abundance of I3C in expiratory air. three baseline breath samples were collected during 10 min each before starting the isotope infusion. The bicarbonate pool was then primed with 6.9 pmol. kg-' of a 6.9-mM solution of NaHI3C0, (80% purity, Merck Isotopes) and a [U-"C]glucose priming dose of 2.7 ~m o l .
kg-' was given, followed by a constant infusion of 2.7 pmol. kg-' for 6 to 7 h. All isotopes were administered through a separate nasogastric tube. Once the isotope infusion was started, 10-min C 0 2 breath collections were made every h for 4 h, and every 15 min for 2 to 3 more h. Breath COz was collected by passing a sample of the air leaving the calorimeter through an all-glass spiral condenser, containing 10 mL of a fresh 1 M NaOH solution. Samples were transferred to Vacutainers (Becton Dickinson, Etten-Leur, The Netherlands) and stored at -20°C until analysis. Trapping of CO2 was shown to be complete for at least 15 min at the sample flow used.
In a study conducted without the administration of isotopes, a shift in natural background over time was ruled out, as could be expected during a continuous feeding regimen.
Mass .spr~ctrometric ana1y.si.s. Breath CO2. Respiratory C02 trapped in NaOH was liberated at <lo-' torr by adding 85% phosphoric acid to the NaHCO, solution. CO2 was collected by cryogenic distillation and analyzed on a VG SIRA 10 isotope ratio mass spectrometer (Vacuum Generators, Winsford, Cheshire, UK). Results of "C abundance of both baseline and plateau were calculated as atom % excessfreference C02 tank standard sample. Isotopic plateau during the final part of the study was confirmed by simple regression analysis on the last five data points. Figure I shows an example of the curves of enrichment obtained in expiratory C02.
Blood ,plucose. Immediately before and after the study, blood was obtained by heel-stick from a warmed heel. After separation. plasma was stored at -80°C for analysis of the isotopic enrichment of plasma glucose I) in uniformly labeled species, i.e.
(m + 6); and 2) for the overall enrichment of glucose C by combustion using a gas chromatograph-isotope ratio mass spectrometer.
The (m + 6) enrichment of glucose was measured by chemical ionization gas chromatography mass spectrometry of the aldononitrile-pentacetate derivative of plasma glucose with selective ion monitoring of m/z 328 and 334, as described before (I I). The I3C enrichment of glucose C was also measured with a new technique, the on-line combustion using a gas chromatograph-isotope ratio mass spectrometer (Isochrom-I. Vacuum Generators) (12) . With this technique, the effluent of the gas chromatograph, containing the same pentacetate derivative of plasma glucose, is combusted on-line in a catalytic furnace, and the resulting CO2 is driven by a helium flow into the ion source of a standard isotope ratio mass spectrometer after passing through a water trap. In this way, the tedious manual isolation of plasma glucose before combustion to C 0 2 necessary for the determination of I3C enrichment of glucose as the precursor for glucose oxidation ( 13) is circumvented.
Calculations. Metabolic rate was calculated using the approach of Lusk (lo), assuming an RQ of 1.00 for glucose and 0.72 for fat:
where np V 0 2 = nonprotein O2 consumption in m L kg-'. min-I, VO2 = total 0 2 consumption in mL-kg-l.min-I, N = urinary nitrogen in m g kg-'. min-I, and 0.9663 = mL O2 consumed/mg protein oxidized.
where VC02 = C 0 2 production in mL. kg-' .min-I and 0.7739 = mL C 0 2 produced/mg protein oxidized. where MR = metabolic rate (kcal. kg-' . d ' ) . 1.44 = conversion and absorption of complex carbohydrates in preterm infants, as factor for mL/min to L/d. 4.702 = caloric equivalent of 1 L 0 2 has been shown before (17) . The galactose was not included in at a np RQ of 0.72, and 0.345 = difference between caloric the glucose intake. If galactose is converted into glucose by the equivalents of 1 L O2 at np RQ of 1 and 0.72.
liver, it will be measured as glucose production upon release. The percentages of the 0 2 consumed by carbohydrate or fat The calculation also assumes there is no significant first-pass are calculated according to the following formulas: extraction of glucose in the splanchnic area of the (labeled)
np RQ -0.72 glucose. A validation study in five orally fed preterm infants was % Carbohydrate = performed in which we measured (m + 6)-glucose enrichment 0.28 with both an oral and an i.v. tracer infusion protocol 2 d apart. 1 -np RQ Figure 2 shows the enrichment in plasma obtained after infu-% Fat = 0.28 sion of [U-13C]glucose in five orally fed preterm infants (represented by individual lines). The enrichment obtained by i.v. ~h~ term carbohydrate utilization is used in accordance with infusion would be expected to be higher than the enrichment F~~~~ ( 14) . arguing that the rate of carbohydrate oxidation as obtained by oral infusion of tracer if there had been a significant measured with indirect is the net result of glucose amount of label retained in the liver, but in this case was 98 + lipogenesis from glucose, and g~uconeogenesis from 10% of the "oral enrichment." This result indicates that all amino acids, a high caloric intake when gluconeogenesis is (labeled) glucose passes the liver into the circulation, and no low and lipogenesis can be high, the total carbohydrate "balancew significant amount is being extracted on the first pass. These or utilization as measured by indirect colorimetry is equal to the results are in accordance with studies in adults ( 18) showing an sum of the rate of true oxidation (c,) and the rate initial splanchnic extraction of glucose between 2.4 and 8%.
of conversion of carbohydrate to fat (c;), or c = b, -+ cr.
For this reason, the difference between carbohydrate utilizaRecycling = Ra true -Ra apparent tion from indirect calorimetry and true carbohydrate oxidation The recycling measured in this way is the amount of glucose measured independently, e.g. by isotopes, can give an indication recycled from three carbon intermediates like lactate through the of the rate at which the process of lipogenesis is occurring (8) .
Con cycle, as discussed above. The fraction of infused tracer appearing in respiratory COz is calculated using the following formula:
Net glucose storage = carbohydrate intake VCOz x IEcoz -carbohydrate utilization from calorimetry Fraction of infused tracer CO --0.989 x F x 6 x c (1) Statistics. Data are vresented as mean + 1 SD. Differences between the MCT a i d the LCT group were tested using Wilwhere VCOz is the rate of C02 production, IEcoz is the increase coxon~s rank-sum ( M~~~-w h i t n e y two-sample) test. A value of in isotopic enrichment of COz at plateau value, 0.989 is the < 0.05 was considered to be statistically significant, infused tracer enrichment. F is the tracer infusion rate, 6 is the number of C atoms/glucose molecule, and c is the correction factor for C 0 2 retention in the bicarbonate pool. Instead of taking a fixed fraction of 0.8 1 for c, we calculated it individually according to the regression equation we described in an earlier publication ( 
15):
The "true" Ra of glucose in the plasma pool was calculated from the dilution of the (m + 6) species of the labeled glucose.
Ra true
where E, = (m + 6) enrichment of infused tracer = (0.989)6, E, = (m + 6) enrichment of plasma glucose, and F = rate of infusion of the tracer. This is considered a measure of true Ra of glucose because the opportunity for a uniformly labeled (m + 6) species to recycle back via Con cycle is considered to be negligible ( 16) . The "apparent" rate of glucose appearance in the blood was calculated from the enrichment of glucose C measured by the combustion method using the same dilution equation. In this case E, = 0.989, i.r. the "C enrichment of infused tracer, and E, = the I3C enrichment of blood glucose C. It should be recognized that I3C enrichment of blood glucose C measured by the combustion method includes the recycled carbon and therefore will result in a lower rate of glucose appearance (Ra "apparent") as compared with the true Ra.
Glucose oxidation = Ra apparent x fraction of infused tracer in COz(Eq. 1 ) (4) Glucose production was calculated by subtracting the glucose intake (calculated from the individual intakes of the continuously fed formula) from the rate of glucose appearance obtained by isotope dilution, Ra true. Glucose intake was calculated from the glucose part of lactose plus the glucose within the glucose polymers. assuming that there is complete intestinal hydrolysis RESULTS There were no significant differences between the two study groups in any of the parameters described in Table 1 .
Results of the glucose studies are described in Table 2 . Car-
i.v. oral
Tracer admlnlstrat~on bohydrate intake was equal at 8.4 mg. kg-'. min-' in both groups, and carbohydrate utilization was 7.6 mg.kg-'.min-' in both groups. In both groups. a small but significant amount of glucose was being stored, but this was not different between the two feeding groups. There were also no differences in fat utilization or metabolic rate as measured with indirect calorimetry. The Ra of glucose calculated in the two different ways used here yielded very similar results. and hence the difference between the two tracer methods-which is expected to represent recycling through three carbon fragments-was not different from zero. The glucose production was not significantly different between groups and not significantly different from the galactose intake, which was 2.1 m g kg-'. min-' in both groups.
A statistically significant difference between the two groups in glucose oxidation was observed: 4.5 m g kg-'.min-' in the MCT group versus 5.7 in the LCT group ( p < 0.01). The difference between glucose oxidation measured with stable isotopes and total glucose utilization from calorimetry, as a measure of lipogenesis, was significantly higher in the MCT-fed group [3.0 versus 1.9 mg. kg-'. min-' in the LCT group ( p < 0.05)].
DISCUSSION
Our initial hypothesis that MCT-fed infants would have a higher metabolic rate, to explain that their growth is often not higher even though their metabolizable energy intake is higher, could not be substantiated in this study.
In an earlier study, we showed that infants fed an MCTcontaining formula absorbed an extra amount of approximately 5-6 kcal . kg-' . d-' of fat ( 19) . A remarkable result in the present study was the decrease of 1. I mg. kg-'. min-' of glucose oxidation in the MCT group, which means a decrease of more than 6 kcal. kg-'.d-' in the energy derived from direct glucose oxidation. This strongly suggests that MCT very specifically decreases glucose oxidation in the well-fed preterm infant. In contrast with this, we found carbohydrate utilization from calorimetric data to be virtually identical.
Body stores of glycogen in adults can probably rise to a maximum of about 100 g (20) , equivalent to an estimated maximum in the neonate of around 2 g. kg-' total body stores. As the infants have been and are continuously fed high caloric feedings that provide 12 g. kg-'.d-' of carbohydrates. it can be expected that glycogen stores are filled. Galactose presented to the liver in that case cannot lead to net glycogen accretion. This is consistent with our finding that glucose production rate was not significantly different from the galactose intake. Also, in a recent publication (2 I), Spedale c.t a/. have measured in vivo a preferential first-pass hepatic uptake for galactose and the absence of a net hepatic uptake of glucose in the postabsorptive newborn lamb, confirming the idea that galactose is taken up preferentially by the newborn lamb, with a net hepatic glucose output approximately equal to the galactose uptake in the postabsorptive state.
Glucose probably cannot be stored as glycogen to a significant extent after a period of continuous delivery of 120 kcal .kg day as argued before, and it seems likely that the nonoxidized glucose will be shuttled into lipogenesis. The increased difference between stable isotope and calorimetric measurement of glucose metabolism in the MCT group also point at an increased rate of lipogenesis from glucose, as we have argued before (8, 22) .
Indirect calorimetry measures utilization of fat and carbohydrates where the amount converted ultimately into COz is the entity measured and the pathway taken does not influence the total stoichiometry. For instance, ketones formed from fat and consequently oxidized have the same effect on stoichiometry as direct fat oxidation, and carbohydrate conversion into fat with subsequent fat oxidation results in "measurement" as carbohydrate oxidation. Thus, in some states of excess energy supply where lipogenesis is occurring with ongoing fat oxidation, RQ might not rise above 1 (no net lipogenesis), but still, the carbohydrate utilization obtained by the calorimetric measurement overestimates the real glucose oxidation. As Frayn (14) showed that (in the absence of some other processes like ketogenesis with urinary loss of ketone bodies) calorimetry quantitatively overestimates glucose oxidation by the amount of glucose converted into fat, we can estimate from the significantly increased difference between the two techniques that an extra 1.1 mg. kg-'. min-' of glucose was converted into fat in the MCT group (Table  2) . For the absolute amount of fat oxidized to be determined, an estimate should be made of what part of the difference between glucose oxidation and glucose utilization already existing in the LCT group was due to lipogenesis and what amount could be ascribed to other causes. One such cause would be the underestimation of glucose oxidation by the tracer technique due to intracellular oxidation of glycogen that did not enter the plasma pool and hence made no contribution to the measured glucose production (13) . Although fairly confident about increased lipogenesis as the cause of the increased discrepancy between the two measurements of glucose metabolism in the comparison of MCT versus LCT, we feel that it would be too speculative to suppose that the difference between stable isotopes and calorimetry can always be quantitatively converted into values for lipogenesis.
The finding in a recent study (23) of a significant difference between isotopically determined glucose oxidation and indirect calorimetry values during hyperinsulinemic euglycemia, but not during saline infusion, confirms the idea that both methods can yield identical results in the fasting state, whereas a difference attributable to lipogenesis is present during hyperinsulinemia.
In one study, most relevant to ours (13), the effect of elevated FFA levels on glucose oxidation was studied using the same two techniques as ours. It was concluded that FFA lowers carbohydrate utilization as measured with calorimetry, whereas plasma [U-"C]glucose oxidation was not influenced. It was concluded that FFA probably lowered intracellular glycogen oxidation under those particular circumstances. Although there was no effect of FFA on plasma glucose oxidation in the latter study even though there was an additional caloric intake due to the infusion of an intravenous fat emulsion. in the present study [U-I3C] glucose oxidation was significantly decreased with isocaloric replacement of part of the LCT in the fat blend by MCT, again pointing at a very specific effect of MCT. The presence of carbons with chain lengths <I6 is negligible in the fat emulsion used. Apart from the original indication of fat malabsorption. MCT supplementation is currently being recommended for a variety of purposes (24) . including seemingly contradictory objectives like (parenteral) hyperalimentation and obesity control. The literature does not definitively analyze the benefits of MCT administration. Moreover. all trials have been performed comparing MCT with LCT. In light of our study showing a more pronounced effect of MCT than LCT on plasma glucose oxidation, recontirniing the conclusion of the carbohydrate-like behavior of MCT as suggested 35 y ago (35). it might be more realistic also to compare MCT administration to simply additional carbohydrates administration. Obviously. these considerations do not apply to specific indications like general malabsorption.
The ovcrestirnation of glucose oxidation obtained with calorimetrl in our study shows that at least part of the lipogenesis with MCT feeding occurs from glucose in preterm infants on regular preterm MCT formula. In an earlier study. similar indirect evidence of increased lipogenesis was found to be associated with a decreased food efficiency (higher metabolic rate at equal energy intake) in the glucose-only parenteral feeding regimen (8) .
Although not confirmed in the present study. an increased metabolic rate during overfeeding with MCT has been described in animals and adult human volunteers (4-7). In these cases. the observed increase in metabolic rate has been ascribed either to ketogenesis (4) . obligatory oxidation (5. 6). or lipogenesis from MCT (7) .
In summary. we propose that the following metabolic picture can be derived from our results: In preterm infants receiving an energy intake of 120 kcal. kg-' .d-I providing 8.4 mg. kg-'. min-I carbohydrates. approximately 10% of the carbohydrate intake is stored or converted nonoxidatively in this period of rapid growth ( = 1.6% .d-'). Another two thirds of the glucose in the LCT group is directly oxidized, whereas the remaining glucose is either reoxidized intracellularly coming directly from glycogen or converted to fat. When MCT is replacing part of the LCT fat in the diet. a significant decrease in the glucose oxidation is observed. but as carbohydrate balance is strictly regulated this does not show in the carbohydrate utilization measured with calorimetry. This observation indicates that the extra glucose not oxidized in the MCT group is probably converted into fat. which influences the calorimetric measurement and not the direct glucose oxidation measurement. In this way. an inefficient consequence of the supposed "obligatory oxidation" of MCT could exist. as lipogenesis occurs together with ongoing fat oxidation. However. in our study design. this did not lead to a higher total metabolic rate.
